Deterministic quantum state transfer from an electronic charge qubit to a photonic 

polarization qubit 
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Building on an earlier proposal for the production of polarization-entangled microwaves by means 
of intraband transitions in a pair of quantum dots, we show how this device can be used to transfer 
an unknown single-qubit state from electronic charge to photonic polarization degrees of freedom. 
No postselection is required, meaning that the quantum state transfer happens deterministically. 
Decoherence of the charge qubit causes a non-monotonic decay of the fidelity of the transferred state 
with increasing decoherence rate. 

PACS numbers: 78.67.Hc, 03.65.Yz, 42.50.Dv, 78.70.Gq 
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Quantum state transfer between matter and light is 
a key step in the development of scalable quantum net- 
works. A qubit a\0) + /3\1) is encoded in matter de- 
grees of freedom for the purpose of computation, and 
then transferred to photonic degrees of freedom for trans- 
portation to a distant location (where it might be con- 
verted back to matter for storage or further processing) . 
A promising scheme* to accomplish this in the context of 
atomic physics uses a laser beam to transfer the internal 
state of an atom to the optical state of a cavity mode. 
The matter qubit in this case is a superposition of two 
degenerate ground states of the atom and the photonic 
qubit is the superposition of an occupied and an empty 
cavity mode. An all-electronic analogue of this scheme, 
to transfer a state from one matter qubit to another, has 
been proposed as well^ 

In the context of semiconductor quantum dots there 
exist several proposals for the transfer of a quantum state 
from electron spin degrees of freedom (spin qubit) to pho- 
ton polarization degrees of freedomi&i A separate line of 
investigation in this context involves a charge qubit^^ i.e. 
a single-electron state a\A)+P\B) delocalized over a pair 
of quantum dots A and B. The coupling of a charge qubit 
to a photon cavity mode was investigated in Ref. 0, as 
a way to produce polarization-entangled photon pairs at 
microwave frequencies. Here we build on that proposal 
to show that the combination of a microwave resonator 
and three quantum dots can be used to transfer an ar- 
bitrary single-qubit state from electron charge to photon 
polarization degrees of freedom. 

The device for quantum state transfer, shown schemat- 
ically in Fig. ^ differs from the photon entangler— only 
in that it produces a single photon rather than a photon 
pair. The resonant transitions involve a total of five elec- 
tron levels in three quantum dots: three ground states 
A. B. C and two excited states A' , B' , The radiative tran- 
sitions A' <-> A and B' <-* B are resonant with a cavity 
mode. As explained in detail in Ref. Q, the confining po- 
tential and magnetic field can be arranged such that the 
transition in dot A couples only to left circular polariza- 
tion cr_|_ and the transition in dot B couples only to right 
circular polarization cr_ . 
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FIG. 1: Schematic of the model. The upper panel shows 
a top view of three quantum dots A, B, C connected to an 
electron reservoir, the lower panel shows the resonant energy 
levels in the quantum dots. An electron can tunnel between 
dots A and C or between dots B and C (solid arrows), but 
not directly between dots A and B. From dot C, the electron 
can tunnel into the reservoir (dashed arrow), while the re- 
verse process is prevented by a large bias voltage. A radiative 
transition within dots A or B is accompanied by the emission 
or absorption of a photon, with respectively left (a+) or right 
(cr_) circular polarization. The coupled electron-photon dy- 
namics transfers the charge qubit a \A')+P \ B') to the photon 
qubit a |+) +P\-). 



The charge qubit is prepared initially in the state 

|* in ) = (a|A')+/3|B'))|C)>, ( i) 

where |0) denotes the photon vacuum. This single- 
electron state in dots A and B can decay into a reser- 
voir via a third dot C, leaving behind a photon in the 
cavity. The quantum state transfer has succeeded if the 
final state is 
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where \0) is the electron vacuum (all quantum dots 
empty) and |±) represents the two photon states of op- 
posite circular polarization. For later use we define also 
the states 



The solution 



\V ± ) = a\+)±l3\- 
|$ ± > = (L4)±|B» 



(3) 
(4) 



The reversible radiative transitions (with rate g) are 
described by the Hamiltonian 



H g = g(\A+) (A'0| + \B-) (B'0|) + H.c. 



(5) 



The reversible tunnel transitions (with rate T) between 
dots A or B and dot C have Hamiltonian 



H T = T(\C) (A\ + \C) (B\)®1 



photon 



H.c. 



(6) 



where Iphoton is the unit operator acting on the photons. 

The irreversible escape (with rate T) of the electron 
from dot C into the reservoir is described by the jump 
operator 



D T = Vf \0) (C\ <g> t 



photon ■ 



(7) 



These operators determine the time evolution of the den- 
sity matrix p(t) through the master equatior 8-9 



dp 
dt 



-i[H, p] + D rP Dl - | (d{d tP + pD^D 



(8) 



(We have set h to 1.) The initial condition is p(0) = 

|*in><*4 

Inspection of the master equation shows that the den- 
sity matrix evolves entirely in the five-dimensional sub- 
space spanned by the states 



|«l) = |*m), |«2) = 1*+) l* + > , |«3> 
\U 4 ) = \C) |* + ) , |ti B ) - |* final) 



(9) 



of even parity under the exchange a <-» /3, A <-> B, A' <-> 
B', cr + <-► cr_. The states (a \A') - (3 \B')) |0), |$+) |*_), 
|$_) |*+>, \C) |*_), and \0) |*_) of odd parity do not 
appear. 

The five-dimensional subspace may be further reduced 
to a four-dimensional subspace by noting that the master 
equation (JSJ) couples only to p§§ and to pij with i,j < 4. 
The matrix elements p^ with i = 5, j ^ 5 or j = 5, i =/= 5 
remain zero. We may therefore seek a solution of the 
form 



p(t) = p(t) + [1 - Trp(t)] |* w ) (* fina i| . 



(10) 



where p is restricted to the four-dimensional subspace 
spanned by the states |itj) with i < 4. 
The evolution equation for p reads 



dp 
~dt 
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(11) 



(12) 



\o 2iT o r/v^/ 



p(t) = e Mt p(0)e 



(13) 



has a lengthy expression in terms of the eigenvalues and 
eigenvectors of the matrix M. What is important for de- 
terministic quantum state transfer is that all four eigen- 
values Hi have a negative real part, for any nonzero g, 
T, and T. This implies that p(t) — > for t — > oo, so 

p{t) -> |*final) (*fi„al|- 
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FIG. 2: Contour plot of the rate a [defined in Eq. I15p ] at 
which the fidelity of the quantum state transfer approaches 
unity, as a function of the tunnel rates T and V. All rates are 
normalized by the electron-photon coupling constant g. 



The fidelity of the quantum state transfer, 

T= (*nnal|p|*final> = 1 - Up p, 



(14) 



approaches unity in the long-time limit with a rate de- 
termined by the eigenvalue with real part closest to zero: 



lim 1 

t — >oc 



■F{t) cx e~ a \ a = 2min(|Re/i l |). 

The asymptotic limits of a are 

T 2 T/2g 2 for.g>T,r 
5 2 r/8T 2 forT> 5 ,r 
2T 2 /r for r > g, T. 



(15) 



(16) 



If one varies T and T at fixed g, the rate a reaches its 
maximum of a max — g at T/g = 1, T/g = 4. (See Fig. [5]) 
That a vanishes for large T,T,g can be understood as a 
manifestation of the quantum Zeno effect tiS the electron 
remains trapped in the quantum dots because the decay 
into the reservoir is inhibited by too frequent measure- 
ment. The optimal rate a ma x = 3 implies that about 1 
optical cycle of emission/absorption of the photon in the 
cavity is needed to effectively transfer the state. This 
seems fast enough, in view of the inevitable losses in the 
cavity. 

The fidelity of the quantum state transfer is reduced 
by decoherence of the charge qubit due to coupling of the 
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charge to acoustic phononsAi*i£ or to background charge 
fluctuations^ Following Ref. we model this decoher- 
ence (with rate T^) by means of the jump operators 

D X = V^{\ X ) ( X \ + \ X ') ( X '\) ® ^Photon, 

Xe{A,B}, D c = ^\C)(C\®l photon , (17) 

which measure the charge on each of the three dots. The 
master equation (JHJ) now becomes 



E D xPD x 

x=r,A,B,c 

E ( D xD x P + pD x D x ), (18) 
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where Dy was defined in Eq. 0. In what follows we 
take a — (3 = 5%/2: since the initial state is then 
maximally delocalized, it will be most sensitive to deco- 
herence. 

Results for Too = lim^oo T(t) are plotted in Fig.[3|for 
two parameter choices. The asymptotic limits are 



A = 



Mi 



1-ATf 

4 , 16T 4 



forr <r,T, 5 
forr »r,T, 5 

g 2 T 2 - 10g 2 T 2 



2y2p 



B = T 2 (3g 2 - 2T 2 ) 



(19) 

(20) 
(21) 



Note that B is independent of T. By comparing the ex- 
pression (|20[) for the coefficient A with Eq. (|16l) for the 

transfer rate a, we see that Too = 1 — T c f,/2a + 0(TVj 
if one of the three rates T,g,T is much larger than the 
other two. In this regime the sensitivity to decoherence 
is determined entirely by how fast the state can be trans- 
ferred. 

As found in Ref. 7 in connection with the entan- 
glement production, the effect of decoherence on the 
charge qubit is minimal if T ~ T g. More pre- 
cisely, the fidelity Too is maximized for fixed g and 
r if T/g = |V5 fa 0.89, T/g = |V39 « 2.50 if 
r < g and if T/g = \s/?> » 0.87 if I> > 5 . As 
shown in Fig. [3| the fidelity depends non-monotonically 



on r^, approaching the asymptotic limit 
for T/g > v /372 » 1.22. When ^ < 



from below 



i the fidelity 

of the quantum state transfer can be improved by ex- 
changing the photon polarizations (cr + <-> cr_), so that 
■^cc i— * 1 — j^oo- With this procedure the fidelity may 
actually increase with increasing T^. 

In conclusion, we have analyzed a mechanism for the 
quantum state transfer from charge qubits to photon 
qubits which is deterministic (no post-selection is re- 
quired) and which depends only algebraically on the de- 
coherence rate. The mechanism relies on the coupled dy- 
namics of an electron and a photon in a microwave cavity, 
but the transfer can be sufficiently fast so that only a few 
optical cycles of emission/absorption are required. Deco- 
herence rates as large as 10% of the emission rate then 
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FIG. 3: Decay of the long-time fidelity Too of the quan- 
tum state transfer with increasing decoherence rate. We have 
taken a — (3 = The solid curve is for parameter val- 

ues at which the quantum state transfer is least sensitive to 
decoherence. 



do not degrade the fidelity of the quantum state transfer 
below about 0.9. These characteristics suggest that the 
mechanism considered here might have promising appli- 
cations in quantum information processing. 
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